The aim of this study was to establish a method for the determination of hexanal as a lipid oxidation marker in rice. For the sample preparation, ground rice exhibited better sensitivity and reproducibility for the analysis of hexanal than whole rice. A total flow of purge gas of 300 mL at 20 mL/min of purge was sufficient to obtain the necessary sensitivity for the analysis of hexanal in rice. The total time for sample preparation and analysis for individual samples was approximately 15 min. A low incubation temperature of 308 8 8 8 8C was chosen, not only to reduce the effect of water, but also to avoid excess lipid oxidation and loss of hexanal during the analysis. The limits of detection and quantification were 3.7 and 5.1 ng/g, respectively. Good linearity was obtained in the range from 5.1 -500.0 ng/g. The recoveries of hexanal in rice were greater than 97.0 and 107.0% at the spiked levels of 5 and 50 ng/g, respectively, with relative standard deviations of 3.3 and 6.1%, respectively.
Introduction
Rice has been a staple food of Asian countries for a long period of time, where it has been predominantly consumed as a type of boiled rice. Although the rice production varies depending on weather conditions, the production of rice from favorable weather conditions often exceeds the amount that is consumed. Excess rice is usually stored as whole grains or polished rice in granaries until it is consumed.
The composition of dried rice varies depending on the variety, but it typically consists of 13 -14% water, 5 -7% protein, 0.3 -1.2% lipid and 0.5 -1.2% ash, and the remainder consists of carbohydrates. Because rice is typically comprised of 2% bran, which contains approximately 20% lipid, the lipid in the bran (so-called rice bran oil) can deteriorate very easily after a considerable period of storage due to the lipid oxidation that is caused by the oxygen in the air (1, 2) .
Numerous studies have been performed on the mechanism of lipid oxidation as a quality indicator of lipids in vegetable and rice bran oils (3 -6) . The off-flavor of rice is directly related to the concentrations of the carbonyl compounds that are usually formed through the auto-oxidation of unsaturated fatty acids in rice bran oil. Although the lipid concentration of rice can be as low as 0.3 -1.2%, the deterioration of rice bran oil significantly affects the quality of rice (7) .
A series of important volatile compounds, including aliphatic aldehydes, aliphatic alcohols, aromatics, N-containing compounds and aliphatic ketones in rice, have been reported to change during storage (8) . Aliphatic aldehydes, oxidative degradation products of unsaturated fatty acids, are particularly important, not only with respect to the off-flavor of rice, but also from a toxicological standpoint of view (9) . Among aliphatic aldehydes, the hexanal content is directly related to oxidative off-flavors and is easily recognized because of its low odor threshold (5 ng/g) in rice (10, 11) .
For the analysis of hexanal in oils, the direct injection of the lipid fraction into a gas chromatograph (GC) instrument with a gas-tight syringe was used. A number of sampling techniques were evaluated to isolate and concentrate volatile compounds before GC injection. Static headspace extraction, dynamic headspace sampling (DHS) with cryotrapping or sorbent trapping, solid-phase microextraction (SPME), headspace sorptive extraction, solvent extraction and simultaneous distillation-extraction are commonly used as sample preparation techniques for the analysis of volatile compounds in foods (12 -14) . Gas chromatography-mass spectrometry (GC-MS) analysis coupled to static headspace extraction is generally not sensitive enough to determine the degree of lipid oxidation at the levels required. It has been reported that the SPME technique provides better sensitivity, and it is widely used for monitoring purposes (15) (16) (17) (18) . The DHS technique has also been studied for the determination of volatile compounds that originate from several foods, including soybean oil, meats, fish, and fruits, as a new approach for the evaluation of lipid oxidation (19 -24) . However, until now, no effort has been devoted to analyze hexanal in rice using automated dynamic headspace samplinggas chromatography -mass spectrometry (auto-DHS -GC-MS).
This study focused on the development and validation of an analytical method for the determination of hexanal in rice using auto-DHS -GC-MS. The hexanal in rice, which was ground to a homogeneous consistency, was absorbed onto a concentration tube that was packed with Tenax TA prior to analysis by auto-DHS -GC -MS.
Experimental

Materials and reagents
Whole rice was purchased from a local retail store in Seongnam City, Gyeonggi Province, Republic of Korea. On receipt, the rice was transferred to an air-tight plastic bag, the air in the headspace of the sample bag was replaced with nitrogen and rice was stored at 48C prior to analysis. The samples were analyzed both as whole grains and as ground grains (coarse powder). The ground samples were prepared by grinding 5 g portions of rice grains in a household grinder (Super Grinder, JL-1000, Hibell, Korea) for 30 s and repeating until a total 40 g of rice grains were ground. Rice powder with diameters less than 0.841 mm was obtained by passing through a No. 20 seive screen (with an opening size of 0.841 mm). Six grams of either whole rice or ground rice was weighed and placed in a 20 mL headspace vial before analysis. Hexanal was purchased from Sigma (St. Louis, MO). A standard stock solution containing 100 mg/mL hexanal was prepared in ethanol and stored at -208C. All other solvents were chromatographic grade.
Sample preparation A 6 g sample of whole rice or ground rice was weighed into a standard 20 mL screw cap vial (silicone layer/PTFE lamination, Gerstel, Mu¨llheim a/d Ruhr, Germany). Spiked samples were prepared by spiking the hexanal stock solution with appropriate volumes of rice to generate resulting concentrations of 5, 10, 50, 100 and 500 ng/g for calibration.
Chromatography All analyses were performed on an Agilent 6890 gas chromatograph system (Agilent Technologies, Santa Clara, CA), which was coupled to an Agilent MD 5973 quadruple mass spectrometer (Agilent Technologies). Compounds were separated using a 5% phenyl-methyl silicone fused-silica capillary column (HP-5, 30 m in length, 0.25 mm i.d., 0.25 mm film thickness; Agilent Technologies). The carrier gas was helium with a flow rate of 1.1 mL/min, and splitless mode was used. The injector temperature was set at 2508C. The column temperature programs consisted of the following: initial temperature of 408C (held 4 min), increased to 1208C at a rate of 38C/min, increased to 2508C at a rate of 108C/min, and then held for 7.0 min to remove the residues that were potentially retained in the column. The quadrupole temperature, transfer line temperature and MS source temperature were 150, 280 and 2308C, respectively. Ions with masses of 44 and 56 were selected for the quantification of hexanal. The instrument was equipped with a cryogenic injection system-4 (CIS-4) programmable temperature vaporizing injector (PTV; Gerstel) with a thermal desorption unit (TDU; Gerstel) for auto-DHS.
Auto-DHS
The sample extraction and introduction were fully automated using a Gerstel MPS-2 autosampler that was configured for the auto-DHS injection, which was operated with the Gerstel Maestro software version 3.2. A Gerstel thermal desorption unit was used for the thermal desorption of the adsorbent-filled concentration tube in conjunction with the auto-DHS module. After each rice sample had incubated in the sample bottle for 5 min at 308C, dynamic sampling was performed by connecting a tube to the outlet of the sample bottle and applying a flow of nitrogen at 20 mL/min for 10 min. Before injection, 100 mL helium at a rate of 40 mL/min was blown through the trap to remove moisture. Concentration tubes packed with 2,6-diphenylene oxide polymer resin (Tenax TA 60/80, average pore size 200 nm) were purchased from Gerstel. The desorption of the trapped hexanal was performed for 12.5 min using a Gerstel TDU-2 thermal desorption unit that was mounted on top of the CIS-4 PTV injector. For all experiments, desorption was performed in the splitless mode using helium as a carrier gas at a flow rate of 150 mL/min. The TDU-2 was programmed to increase from 408C (hold for 0.2 min) to 2808C at a rate of 6008C/min with a final time of 2 min. To quantitatively trap the hexanal that was released from the TDU and to guarantee small initial injection bands, the PTV was cooled to -208C with liquid nitrogen. When the desorption was complete, the PTV was heated from -20 to 2508C (held for 2 min) at a rate of 128C/s with the split valve closed during operation.
Method validation
Hexanal-free rice was used for the preparation of the calibration samples. Calibration samples with concentrations of 5, 10, 50, 100 and 500 ng/g were prepared by spiking hexanal into rice. The linear range of the proposed method was studied by determining calibration curves for the concentrations of interest. The line of best fit for the relationship between the relative peak areas (obtained by integrating the selected m/z 44 and 56 chromatograms) and the hexanal concentration was determined by linear regression. The detection limit was also determined. The limit of detection (LOD) and limit of quantification (LOQ) values were estimated at an SD/b ratio of 3 and 10, where SD and b represent standard deviation of the intercept and slope of the regression line, respectively. To study the accuracy of the method, recovery experiments were performed using the standard addition method. Triplicate analyses of hexanal-added rice were performed. The reproducibility of the proposed method was expressed by the relative standard deviation (RSD). Analyses of hexanal-containing rice were performed in triplicate. To evaluate the intra-day precision and accuracy, quality control (QC) samples were extracted (n ¼ 6) at low and high concentrations in one batch. For the assay of the inter-day precision and accuracy, three consecutive batches of QC samples were made using the same procedure on three different days. Each day, a new calibration curve was constructed when the samples were analyzed. The recovery of hexanal using the standard addition method was calculated as follows:
where C t is the total concentration of hexanal that was measured, C u is the concentration of hexanal that was present in the original rice and C a is the concentration of pure hexanal that was added to the original rice. The precision and the accuracy were reported as the RSD (%).
Quantification of hexanal in rice
Extractions of hexanal by DHS were performed on a DHS incubator at 308C for 5 min while stirring at 1,500 rpm. The extracted hexanal was injected into the GC-MS for analysis. To obtain the calibration curves for the quantitative analyses of hexanal, 6.0 g of each calibration sample were introduced at concentrations of 5, 10, 50, 100 and 500 ng/g into 20 mL headspace vials.
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Statistical analysis
The recovery experiments were performed at intra-day (n ¼ 6) and inter-day (n ¼ 3) intervals, and the results are expressed as the mean + SD. The comparison of hexanal concentrations between whole and ground rice was analyzed using a paired sample t-test using SPSS 13.0 for Windows (LeadTools 2004; LEAD Technologies, Charlotte, NC) for the statistical calculations.
Results and Discussion
Optimization of auto-DHS-GC -MS Hexanal is a volatile compound that is found in rice; therefore, a sharp chromatographic peak of hexanal in rice with low background was easily detected by auto-DHS -GC -MS (25-27) (Figure 1) . To obtain a good chromatogram shape, the split vent (solvent vent mode) of CIS was applied after 1 min. A total flow of 45 mL/min to the split vent was necessary to obtain a symmetrical chromatographic peak. Furthermore, compared with a temperature-ramping rate of temperature 1 to 108C/min in the GC column, a narrower chromatographic peak width was obtained by using a ramping rate of 38C/min.
Before injection, volatile compounds in the headspace were purged and trapped in a concentration tube. Due to the highly volatile properties of hexanal, a slow flow rate of purge gas resulted in sufficient interactions between the hexanal and sorbent. As shown in Figure 2A , the greatest intensity was obtained at a flow rate of 20 mL/min. Because increasing flow volumes yielded an increase in peak intensity within the adsorption capacity of the concentration tube, a linear increase was observed when the flow range increased from 200 to 600 mL at a flow rate at 20 mL/min, as shown in Figure 2B . Although the increase of the volume of purge gas increased three-fold from 200 to 600 mL, the peak intensity increased only 1.34-fold. The volume of purge gas did not appear to significantly affect the results, as shown in Figure 2B , so, the 200 -300 mL of purge gas was considered to be acceptable. It is well known that the partition coefficient is a function of temperature. When the temperature is increased, the partition coefficient decreases, so that volatiles can readily enter the headspace, and the concentration of volatiles absorbed on the surface of the concentration tube increases. The peak intensity increased 0.20-fold and 0.79-fold when the temperature was increased from 30 to 408C and 30 to 508C, respectively. Although the concentration of hexanal in the headspace would be expected to increase at higher temperatures, such as 808C, a loss of hexanal was observed as moisture from the rice condensed inside the concentration tube and interfered with the desorption of hexanal. Furthermore, lipid oxidation might also be accelerated at higher temperatures. For rapid determinations, a slightly higher than ambient temperature of 308C was chosen as the incubation temperature in the following experiments, because the equilibrium between the three phases (sample, headspace and concentration tube) was easily reached in a short time at this temperature.
Sample speciation
For the analysis of hexanal in rice samples that were stored at various conditions, a simple sample preparation technique was required to reduce the potential loss of hexanal during sample preparation. Without sample treatment, the peak area of hexanal from the whole rice could be directly determined by auto-DHS-GC -MS. However, for rice samples with low concentrations of hexanal, it was difficult to obtain a suitable quantitative intensity, even when the extraction time was extended. During dynamic headspace sampling, the mass transfer of hexanal occurs in three steps: from the inside of the rice grain to the surface, from the surface of the whole rice grain to the headspace and from the headspace to the sorbent. Clearly, the speed of mass transfer was limited by the first step, the transfer of hexanal from the inside of the rice grain to the surface. Thus, a proper sample preparation procedure was necessary to effectively extract the hexanal into the headspace. By introducing the ground rice to the sample vials, there was nearly a 2.7-fold increase in the peak intensity of hexanal (expressed in area counts, p , 0.05), as shown in Table I . Because of the long period of storage at high temperature, the degree of lipid oxidation was different between the interior and the surface of the whole rice. Thus, grinding was the most important sample preparation procedure for the analysis of hexanal in rice by auto-DHS-GC -MS to increase the peak intensity and precision. Because the lipid oxidation can easily occur during sample preparation, the rice samples were ground just before analysis.
Phase ratio (volume headspace / volume sample) In general, larger sample sizes produce higher intensities of volatile compounds. As shown in Figure 3A , the increase in intensity up to 6.0 g of sample weight indicated that few obstacles in the mass transfer of hexanal into the headspace from ground rice. However, there was a sudden increase between 4.0 and 6.0 g that might be due to the effect of the phase ratio, as shown in Figure 3B . The phase ratio was approximately 2.0 and 4.0 when 6.0 and 4.0 g of ground rice, respectively, were placed in the 20 mL headspace vial. Considering that the peak intensity was affected by the sample amount and phase ratio, 6.0 g of sample was chosen for the analysis.
Method Validation
The sensitivity of the method was based on the physicalchemical properties of hexanal, the partition coefficient and the phase ratio. Several parameters, including grinding, amount of sample, incubation time, temperature and the rate and Figure 2 . Effects on the peak area of hexanal in rice, analyzed using auto-DHS-GC-MS, of: purge gas flow (A); volume (B). volume of purge gas can affect the determination of hexanal in rice. Among these parameters, the grinding of the sample appeared to be the most important. Because the ground rice yielded sufficient peak intensity for the quantitative analysis, the purge volume (300 mL), incubation temperature (308C) and matrix modifier (0.05 g of water) were selected for the rapid and precise analysis. The assay linearity was measured by a weighted least-squares linear regression analysis. The calibration curve of hexanal was y ¼ 61036x -187118 (r 2 ¼ 0.9991) and corresponded to a test range of 5.1 -500.0 ng/g. The LOD and LOQ were 3.7 and 5.1 ng/g, respectively, as shown in Table II .
For the determination of precision and accuracy, an identical sample (n ¼ 6) was placed in individual headspace vials and analyzed over three consecutive days (n ¼ 3). The RSDs of the intra-day and inter-day repeatability were less than 6.1 and 9.0%, respectively. Therefore, hexanal in the headspace was stable at ambient temperature for at least three days. Considering the severe matrix effect of rice, the standard addition method was applied for the quantitative headspace analysis. The concentration of hexanal could also be affected by modifiers such as ethanol and water, which were validated by further experiment. Hexanal in ethanol was added to a series of identical samples to evaluate the effect of ethanol on the quantification of hexanal. After the addition of 0.120 mL of ethanol into the rice sample, the peak area of hexanal increased by more than 2-fold, as shown in Figure 4 . Thus, ethanol could behave as a matrix modifier during headspace analysis. Water is a common matrix modifier in headspace analysis, but the effect of water was minor compared to that of ethanol (Figure 4) . After the addition of 0.05 mL of water as a matrix modifier, the ground rice became an adhesive mixture such that the mass transfer of hexanal occurred very slowly and the peak intensity decreased. This contrasts with a report by Ghiasvand et al., which reported that water could affect the determination of volatile compounds; however, the minor effect observed in this experiment from water might be due to the low incubation temperature at 308C (28) . The following experiment showed that the RSD of reproducibility was smaller than 6.1% by the addition of water to rice; therefore, the addition of a modifier was an important parameter in the headspace analysis. Totals of 5 and 50 ng/g hexanal were added to 6.0 g ground rice samples, respectively. The results showed that the good recoveries (97.0 and 107.0%, respectively) were obtained at both 5 and 50 ng/g hexanal spiked levels, as shown in Table II .
Analysis of real samples
The auto-DHS -GC -MS method is known to be economical and environmentally friendly due to its simple and easy analysis. Figure 4 . Effect of matrix modifiers on the peak area of hexanal in rice using auto-DHS-GC-MS.
To apply the auto-DHS -GC -MS method to numerous rice products, 45 samples containing different amounts of hexanal were analyzed using the auto-DHS -GC -MS methods, as shown in Table III . The analysis of hexanal in individual rice samples using the auto-DHS-GC-MS method was completed in approximately 15 min. The results showed that the auto-DHS -GC -MS method is applicable to a wide variety of rice, demonstrating good separation without being hindered by interferences in the rice.
Conclusions
A simple method for the analysis of hexanal in rice using auto-DHS -GC-MS was established, and the total time for sample preparation and analysis for each sample was completed in approximately 15 min. It was necessary to grind and screen the rice before analysis for high sensitivity and precision. A small amount of ethanol can behave as a matrix modifier in the headspace analysis. The new auto-DHS -GC-MS method can reliably be used for the analysis of hexanal in rice. 
